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THE MECHANISM OF STRESS CORROSION OF TITANIUM ALLOYS 

EXPOSED TO SODIUM CHLORIDE AT ELEVATED TEMPERATURES 

Work has  cont inued  wi th  t h e  use of hol low specimens of  t h e  T i -  

8Al-lMo-lV a l l o y  d e s c r i b e d  e a r l i e r .  The specimen i s  hea ted  exter- 

n a l l y  wi th  a h e a t i n g  tape ,  f i l l e d  w i t h  a 10% aqueous s o l u t i o n  of  

NaCl o r  of 7 p a r t s  NaCl + 1 p a r t  MgCl,, and t h e  s o l u t i o n  s lowly  

p i p e t t e d  ou t .  This  l e a v e s  a l a y e r  of  c r y s t a l s  (no t  n e c e s s a r i l y  

uniformly)  on t h e  i n n e r  s u r f a c e  of t h e  specimen. 

c losed  wi th  a plug of t h e  Ti-8-1-1 a l l o y  which h a s  a 1/8 inch  O o D o  

n i c k e l  tube ex tend ing  through i t  so t h a t  t h e  specimen c a v i t y  can be 

evacuated  o r  a d e s i r e d  atmosphere in t roduced .  The specimen i s  

placed i n  a conven t iona l  c r e e p  furnace  and i s  stressed us ing  a 

modif ied c r e e p  appa ra tus .  

The specimen i s  

Specimens a r e  be ing  hea ted  t o  750'F p r i o r  t o  s t r e s s i n g  and a r e  

s t ressed ( a t  t empera ture)  t o  90 percent  of  t h e  y i e l d  s t r e n g t h  a t  

t h a t  t empera ture ,  i .e. ,  73,500 lb / in2 .  

connected t o  t h e  specimen cav i ty ,  th rough t h e  n i c k e l  tube mentioned 

A gas  sampling tube  may be 

above, so t h a t  gaseous c o r r o s i o n  products  can be withdrawn f o r  mass 

s p e c t r o g r a p h i c  a n a l y s i s ,  

The amount o f  a p p l i e d  s a l t  on t h e  specimen i n t e r i o r  which has  

ranged i n  weight  from 2.5 t o  17 mg may i n f l u e n c e  specimen l i f e  

s t a t i s t i c a l l y  bu t  shows no c o n s i s t e n t  r e l a t i o n s h i p ,  Varying p r e s s u r e s  

of gaseous oxygen which have ranged from 150 IJ- t o  10 p s i  do n o t  e f f e c t  
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cor responding  v a r i a t i o n s  i n  specimen l i f e .  The most s e v e r e  co r ro -  

d e n t ,  g i v i n g  the  s h o r t e s t  specimen l i ves ,  has been t h e  mixed NaCl - 

MgC1,a6H2O c r y s t a l s  desc r ibed  above i n  combination wi th  a d r y  oxygen 

atmosphere which, of course,  o f f e r s  a c r i t i c a l  amount of wa te r  vapor 

on h e a t i n g .  With a sma l l  amount of excess  water  added t o  t h i s  

system, specimen l i v e s  inc reased  s i g n i f i c a n t l y .  On t h e  o t h e r  hand, 

p re l imina ry  d a t a  on t h e  pure NaCl co r roden t  i n d i c a t e  t h a t  mois t  

oxygen g ives  more r ap id  a t t a c k  than dry,  a l though  t h e  range of  t h e  

extremes of specimen l i f e  i s  s m a l l e r  t han  t h a t  f o r  t h e  c a s e  of t h e  

mixed s a l t .  

Experiments a r e  p r e s e n t l y  being conducted t o  s t u d y  e f f e c t s  i n  

t h e  absence of  gaseous oxygen. Argon, p u r i f i e d  through t i t a n i u m  

t u r n i n g s  i n  a fu rnace  tube and cold t rapped,  i s  placed i n  the  

evacuated  specimen c a v i t y  a t  e i t h e r  a tmospher ic  p r e s s u r e  o r  some 

nominal v a l u e  (5 p s i )  above i t  so t h a t  a c r ack  p e n e t r a t i n g  through 

t h e  specimen w a l l  w i l l  r e l e a s e  the p r e s s u r e  and t h u s  a c t i v a t e  a 

s w i t c h  i n  an e l apsed  time meter  c i r c u i t  so  t h a t  t h e  exposure  period 

to f a i l u r e  i s  known, 

Specimens a r e  be ing  s t u d i e d  t h a t  were coa ted  wi th  NaC1, NaCl +- 
MgC1,"6H,O and NaCl + MgC1,06H20 + %OH. 

been hea ted  i n  oxygen p r i o r  t o  c o a t i n g  w i t h  t h e  c o r r o d e n t s  i n  o r d e r  

t o  de te rmine ,  i f  p o s s i b l e ,  whether a r e a c t i o n  can occur  between the  

s o l i d  NaCl and t i t a n i u m  oxide t h a t  can lead t o  s t r e s s - c o r r o s i o n  

c r a c k i n g  i n  t h e  i n n e r  w a l l  of the specimen, 

Sowe specimens have a l s o  
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A specimen t h a t  was preoxidized and coa ted  wi th  NaCl f a i l e d  

a f t e r  170 hours  under s t ress  a t  750"F, 

whi le  under vacuum and a i r  could of cour se  have been occluded on 

t h e  w a l l s  

This  specimen was n o t  baked 

One specimen c o n t a i n i n g  NaC1, MgC1,"6H20, NaOH and f i l l e d  wi th  

argon was f r e e  of  macroscopic c racks ,  on examinat ion,  a f t e r  200 

hour s  exposure,  An examinat ion f o r  microscopic  c racks  has  n o t  y e t  

been completed 

There a r e  i n s u f f i c i e n t  d a t a  a t  t h i s  t i m e  on which t o  base d e f i -  

n i t e  conc lus ions  a s  t o  the  importance of  gaseous oxygen o r  t h e  

presence  of NaOH i n  t h e  system. 

A group of  s h e e t  specimens of t h e  m i l l  annealed T i - 8 - 1 - 1  a l l o y  

were s t ressed a t  40 t o  80 percent  of  t h e i r  y i e l d  s t r e n g t h  a s  bent  

beams by f o u r  po in t  loading.  

fu rnace  a t  800°F u n t i l  f a i l u r e s  occurred ,  Exposure pe r iods  t o  

f a i l u r e  g e n e r a l l y  inc reased  w i t h  d e c r e a s i n g  stress and ranged from 

64 days f o r  specimens s t r e s s e d  t o  80 pe rcen t  t o  9 1  days f o r  specimens 

s t ressed t o  40 percen t  of  t h e i r  y i e l d  s t r e n g t h ,  

They were exposed i n  a c i r c u l a t i n g  a i r  

Two of  t h e  f a i l e d  specimens a r e  shown i n  F ig .  1, A c rack  ex-  

t e n d i n g  a c r o s s  t h e  specimen from one edge i s  shown i n  F ig .  2., This 

a l s o  i l l u s t r a t e s  t h e  v a r i e t y  o f  c o r r o s i o n  products  found on t h e  

specimen s u r f a c e .  A s h o r t  l e n g t h  of  c r a c k  i s  shown a t  much h i g h e r  

m a g n i f i c a t i o n  i n  F ig .  3. 
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X-ray d i f f r a c t i o n  p a t t e r n s  were made o f  t h e  c o r r o s i o n  products  

formed on t h e s e  specimens.  They i n d i c a t e d  t h e  presence o f  a t  l e a s t  

f o u r  phases,  a n a t a s e ,  r u t i l e ,  NaCl and a t  l e a s t  one u n i d e n t i f i e d  

phase, des igna ted  X. The l i n e s  of t h e  x - r a y  d i f f r a c t i o n  p a t t e r n  of  

t h i s  phase a r e  g iven  i n  Table 1; l i n e s  marked by A o r  NaCl i n  t h e  

remarks column i n d i c a t e  t h a t  they may be a p a r t  of the  p a t t e r n  bu t  

t h e r e  i s  a n  o v e r l a p  wi th  l i n e s  of a n a t a s e  o r  NaCL, 

A p a t t e r n  ob ta ined  of  t h e  uncoated (under)  s i d e  o f  t h e  specimen 

i n d i c a t e d  t h a t  NaCl and t h e  unknown phase X were p resen t .  Some NaCl 

had a p p a r e n t l y  c r e p t  around t h e  specimen a f t e r  i t  had been coa ted ,  

E f f o r t s  were made t o  s e p a r a t e  t h e  c o r r o s i o n  products  shown i n  

F igs .  2 and 3 a s  t o  c o l o r  and o t h e r  p h y s i c a l  c h a r a c t e r i s t i c s .  The 

wh i t e  t r a n s l u c e n t  m a t e r i a l ,  F ig ,  2, conta ined  some NaCl and l a r g e r  

amounts of  a n a t a s e ,  r u t i l e  and the unknown phase X, Three o t h e r  

c o r r o s i o n  products  c l e a r l y  d i s t i n g u i s h a b l e  on t h e  o r i g i n a l  specimens 

b u t  d i f f i c u l t  t o  d i f f e r e n t i a t e  i n  a b l a c k  and whi te  photograph were 

a l s o  s t u d i e d .  These a l l  contained NaC1, a n a t a s e ,  r u t i l e  and t h e  

unknown phase. They d i f f e r e d ,  however, i n  t h e  r e l a t i v e  amounts of 

t h e s e  d i f f e r e n t  m a t e r i a l s .  

It was n o t  p o s s i b l e  by mechanical means t o  o b t a i n  any of t h e s e  

products  comple te ly  f r e e  from a l l  o t h e r  products .  A s a t i s f a c t o r y  

p a t t e r n  o f  t he  m a t e r i a l  i n  t he  c rack  and p i t s  has  no t  been o b t a i n e d ,  
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Sur faces  t h a t  were no t  coa ted  with NaCl d i d  n o t  deve lop  a n a t a s e  o r  

r u t i l e  l a y e r s  t h i c k  enough t o  be i d e n t i f i e d  by x - ray  d i f f r a c t i o n  

techniques .  

A re -examinat ion  o f  a n  x-ray d i f f r a c t i o n  p a t t e r n  ob ta ined  

e a r l i e r  from m a t e r i a l  on t h e  i n n e r  w a l l  o f  one of  t h e  f a i l e d  hollow 

specimens t h a t  had been coa ted  with NaCl showed a t r a c e  of t h e  X- 

phase i n  a d d i t i o n  t o  a n a t a s e  and NaC1. 

P a t t e r n s  o f  a n a t a s e  and r u t i l e  i n d i c a t e d  a pronounced p r e -  

f e r r e d  o r i e n t a t i o n  o f  t h e s e  oxides ,  The h a b i t  p lane  f o r  r u t i l e  was 

t h e  (110) and f o r  a n a t a s e  t h e  (101). 

X-ray d i f f r a c t i o n  p a t t e r n s  were a l s o  ob ta ined  ar: t empera tures  

on t h e  s u r f a c e s  of  specimens coated wi th  NaCl + MgC1,*6H2O s t r e s s e d  

and hea ted  t o  v a r i o u s  tempera tures ,  The j i g  f o r  h o l d i n g  and stress- 

i n g  t h e  specimens i s  shown i n  Fig.  4.  The j i g  and specimen i n  

p l a c e  i n  t h e  x- ray  machine i n  Fig.  5 and t h e  s u r f a c e  of  a specimen, 

a f t e r  i t  had been cooled  t o  room temperature ,  i n  F i g ,  6, 

I n  o r d e r  t o  de te rmine  what func t ion  t h e  MgC1,~6B,O may have i n  

the c o r r o s i v e  process  one specimen was coa ted  w i t h  a one t o  one 

mix tu re  o f  NaCl and MgC1, and heated s lowly  t o  1180”F, 

p l g c ~ , ~ G ~ , o  was r a p i d l y  converted t o  MgC1,*4H20. This was s t abbe  

t o  2 6 0 ’ ~  a t  which tempera ture  i t  aga in  l o s t  wa te r  of  c r y s t a l l i z a t i o n  

and a t  385’F i t  had changed t o  MgC1,e2H,0. 

A t  190°F t h e  

Above 385OF t h i s  phase 
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decomposed t o  an amorphus o r  g l a s sy  s t r u c t u r e  which p e r s i s t e d  t o  

about  680°F. 

MgO slowly appeared. 

f o r  r u t i l e  appeared on ly  t o  d i sappea r  a s  t he  tempera ture  was r a i s e d  

and reappear  when t h e  tempera ture  was held c o n s t a n t  u n t i l  1180°F 

was reached.  A t  t h a t  t empera ture  t h e  p a t t e r n  f o r  r u t i l e  became 

d e f i n i t e  and was r e t a i n e d  upon hea t ing  t o  h i g h e r  tempera tures  and 

a f t e r  coo l ing  t o  room tempera ture .  

A t  680°F t h e  g l a s s y  phase g r a d u a l l y  d isappeared  and 

A t  910°F the p r i n c i p a l  l i n e  of t h e  p a t t e r n  

The x-ray p a t t e r n s  obta ined  on specimens coated wi th  the  7 p a r t s  

NaCl + 1 p a r t  MgC1, s o l u t i o n  and heated t o  900°F never  showed a MgO 

phase. 

decomposed t o  MgO. Upon coo l ing  the re  were p a t t e r n s  f o r  r u t i l e  and 

NaC1. There was no change i n  t h e  NaCl l a t t i c e  spac ing  a f t e r  t h e  

mixture  had been hea ted  and then  cooled t o  room tempera ture .  This  

i n d i c a t e d  t h a t  t h e r e  was no s o l i d  s o l u t i o n  of ano the r  m a t e r i a l  i n  

t h e  NaCl a t  room tempera ture .  

This would i n d i c a t e  t h a t  the MgC1,. xH20 was never  completely 
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TABLE 1, DIFFRACTION PATTERN FOR "X" PHASE,* 

I* Remarks - d - s pa c i n g  

4-88 < 5  ? 
3091 35 
3-76 35 
3,48 35 A** 
3.23 10 NaCl 
2.81 100 NaCl 

2*63 60 
2.54 < 5  
2.37 35 A 
1,992 40 N a C l  
1.959 10 

1 882 < 5  A 
1 a 742 30 
1 6911 < 5  A 
1 623 20 NaCl 
1,581 < 5  

~ 5 6 7  < 5  
1 458 < 5  
1 406 < 5  NaCl 
1.263 10 Na C 1  
1,152 5 N a C 1  

* Sample t aken  from washings allowed t o  d r y  
on g l a s s  p l a t e ,  

** R e l a t i v e  i n t e n s i t i e s  - v i s u a l l y  e s t i m a t e d ,  

* A s t a n d s  f o r  a n a t a s e  (TiO,), The e n t r i e s  
under remarks r e p r e s e n t s  d-spacings which 
may be caused e n t i r e l y  o r  i n  p a r t  by t h e  
subs t ance  i n d i c a t e d .  ? s t a n d s  f o r  a d- 
s p a c i n g  found o n l y  i n  some p a t t e r n s .  



FIGURE 1. 
upper  t o  60,000 l b / i n 2 ,  lower  t o  80,000 l b / i n 2 .  
o c c u r r e d  a f t e r  approx ima te ly  64 days  a t  800'F. 

S h e e t  specimens s t r e s s e d  by f o u r  p o i n t  l o a d i n g ,  
F a i l u r e s  

X 1 



FIGURE 2, Cracks i n  specimen shown i n  F ig .  1. White t r a n s l u -  
c e n t  m a t e r i a l  c o n t a i n s  NaCl and l a r g e r  amounts of a n a t a s e ,  
r u t i l e  and X phase.  L i g h t  g r e y  c o n t a i n s  s m a l l  amounts of N a C l  
and r u t i l e  and l a r g e  amounts of a n a t a s e  and X phase.  The d a r k  
g r e y  i s  p r i m a r i l y  r u t i l e .  X 8 



FIGURE 3. 
a t  h i g h e r  m a g n i f i c a t i o n .  P o l a r i z e d  l i g h t .  X 100 

P a r t  o f  c r a c k  and c o r r o s i o n  p r o d u c t s  shown i n  F i g .  2 



FIGURE 4 .  S i d e  view of j i g  and specimen f o r  x - r a y  d i f f r a c t i o n  
s t u d i e s  a t  t e m p e r a t u r e .  Specimens were h e a t e d  e l e c t r i c a l l y  f r o m  
t he  u n d e r  s i d e  and were extended about  0 . 0 1  i n c h  ( i . e o ,  1% i n  
the  t h i n  s e c t i o n .  



FIGURE.5. Specimen, marked by arrow, i n  p l a c e  i n  x - r a y  machine.  



FIGURE 6. 
t u r e  unde r  s t ress  i n  j i g  used i n  x - r a y  d i f f r a c t i o n  s t u d i e s  a t  
t e m p e r a t u r e .  
and s t u d i e d ,  X 1-1/4 

Top s u r f a c e  o f  specimen t h a t  had f a i l e d  a t  tempera-  

L i g h t  c o l o r e d  a r e a ,  between a r rows ,  was h e a t e d  


